Open channel structures are essential to infrastructure networks and expensive to manufacture.
INTRODUCTION
Irrigation channel networks are very substantial and are utilized as water supply and conveyance facilities, flood control and for use in other fields. Due to the high cost of channel construction, investigating the optimal and economic crosssectional designs of these channels is a necessity. A channel in the network may be subjected to lining. The supported cost of a lined channel is less in comparison to unlined channels, since the lining protects against bed and bank erosion.
Channels in alluvium are typically lined and capable of decreasing seepage. The seepage loss from channels has been estimated for different sets of special conditions. The analytical form of these solutions, which contain complex integrals and unknown implicit state variables, is not convenient in designing or estimating seepage from the existent channels Usually, evaporation from a channel is only a small proportion of the total loss, but it becomes substantial for long channels running through arid regions. Warnaka & Pochop () and Ikebuchi et al. () compared the capabilities of different evaporative sorts of estimation models and found that the mass transfer-based models presented the most accurate results (Fulford & Sturm ) .
The primary factor affecting the channel design is the channel surface forming material which determines the roughness coefficient, the minimum permissible velocity to avoid deposition of silt or debris, the constrained velocity to prevent erosion of the channel surface, and the topography of the channel route which indicates how much the section is hydraulically and/or economically efficient (Chow ) . The choice of hydraulic parameters is a vital task in the hydraulic design of channels since they are entitled to high uncertainty. Dimitriadis et al. () employed extended sensitivity analysis by simultaneously varying the input discharge, longitudinal and lateral gradients and roughness coefficient. Monadjemi () and Froehlich () modeled optimized channel design using a Lagrangian undetermined multiplier method. Alternatively, for non-linear, non-convex optimization problems, the compound and implicit construction of the cost function and/or constraints makes the employment of customary gradient-based techniques very difficult, so that the optimization process cannot be applied in many locally optimized processes. This has caused the wide use of heuristic approaches, e.g., genetic algorithm (GA) (Goldberg ), particle swarm optimization (PSO) (Kennedy & Eberhart ), genetic programming (GP) (Koza 
FORMULATION OF OPTIMAL DESIGN OF OPEN CHANNELS
Selection of the geometric variables, e.g., side slope, bottom width, and flow depth for open channel sections varies according to the designer's perspective. Also, the longitudinal bed slope of the channel is influenced by topography that is considered as a constant amount in seven models.
One of the important objectives is minimizing the total cost of a channel section, that it has the capability of passing the channel distance safely, which must be considered. Generally, the cost per unit length of a lined open channel section is defined as the summation of three terms, namely, the depth-dependent earthwork cost, the cost of lining, and the cost of water lost as seepage and evaporation.
These terms are explained in the following sections.
Earthwork cost, lining cost, and cost of water loss
The total cost function of the channel per unit length C ($/m) was obtained as:
The earthwork cost C e (monetary unit per unit length, e.g., $/m) is given as:
where c e ¼ cost per unit volume of earthwork at ground level ($=m 3 ); c r ¼ the additional cost per unit volume of excavation per unit depth ($=m 4 ); A ¼ flow area (m 2 ); y ¼ depth of the centroid of the area of excavation from the ground surface (m).
The cost of lining C l (monetary unit per unit length, e.g., $.m À1 ) is expressed as:
where c l ¼ cost of unit lining (monetary unit per unit area of lining, e.g., $.m À2 ) and P ¼ flow perimeter (m). The capitalized cost of water lost C w ($/m) might be expressed as: Relaxing these restrictions, Swamee () gave a more general resistance equation based on roughness height:
channel lining (m); and ϑ ¼ kinematic viscosity of water (m 2 =s). Utilizing the continuity equation, the discharge Q (m 3 =s) was obtained as:
Combining Equations (1) and (8) The terms of these models are all in dimensional forms. In order to facilitate the detection of the effects of variables on the models, the aforementioned equations are transformed to dimensionless forms, through defining a length scale, as follows:
The following dimensionless variables were then obtained in Table 1 . The subscript * denotes the corresponding dimensionless parameters of each hydraulic parameter.
Using Equations (1) and (8), and Table 1 , the problem of determining the optimal channel section formed in dimensionless form is reduced to:
where ϕ ¼ equality restriction function.
The restriction optimization problem (i.e., Equations (10) and (11)) was solved by minimizing the augmented function ψ distributed by:
where β ¼ exponent of equality constraint function and m, respectively. Consequently, the equations are as follows: For a given set of data, a channel can be designed by minimizing Equation (10) and subjected to constraint given by Equation (11). Swamee's method is used to verify the results.
GA-based optimization procedure
The GA is employed to solve the formulated nonlinear Figure 2 shows these following steps: (1) select the individuals as parents considering the best objective value;
(2) crossover the parents to form the next generation;
(3) add random changes to the population (mutation). This method consists of eight models ( Figure 3) .
Model I
This model is determined by Equations (10) and (11), representing no additional constraint when consisting of three variables.
Model II
There are several cases where the top width must be constrained. Then, an additional restriction could be imposed on the NLOP represented by Equations (10) and (11). The optimization formulation remains the same, except the following additional restriction is imposed to restrict the top width to T wmax :
where ϕ 2 ¼ additional equality constraint function which limits the total top width of the channel to T wmax .
Model III
If the average velocity of the channel is more comparable to the permissible velocity of the channel, the average velocity can be constrained utilizing the following restriction:
where a ¼ maximum velocity and v av ¼ average velocity of the channel.
For the designed section, the average flow velocity V av could be achieved by Equation (8). However, in order to safely convey the required discharge through a channel, it is necessary to ensure that the velocity of the channel does not exceed the corresponding maximum velocity which is related to the roughness coefficient of that segment.
Model IV
There are several cases where the flow of channel constrains the Froude number of the channel:
where F max ¼ maximum permissible Froude number.
Model V
In the case of the existence of unfavorable strata, depth of channel should not exceed a certain limit. This may require a restriction on the maximum permissible flow depth. Thus, the limiting depth model could be addressed in the channel design problem by imposing Equation (21) as an additional constraint to the optimization formulation involving
Equations (10) and (11):
Model VI
The objective function has been investigated without cost of seepage to observe the influence of seepage on hydraulic parameters of a channel with constraint (Equation (11)):
RESULTS AND DISCUSSION
Let us suppose that the channel should be designed to transport a discharge of 100 m 3 =s on a longitudinal bed slope of 0.001. The channel passes through a stratum of typical soil, in which C e C r ¼ 7 m and C ws C e ¼ 10 m (Table 2) . Further, it is proposed to supply concrete lining with C l C e ¼ 12 m. The climatic condition of the channel area satisfies the C wE C e ¼ 2 m.
For the purpose of design, it is assumed that g ¼ 9:79 (m=s 2 ), ϑ ¼ 1:1 × 10 À6 (m 2 =s) (water at 20 W C), and ε ¼ 1 mm (concrete lining) (Table 3 ).
Using Equation (9), the λ was determined to be 15.9 m, so the following parameters were identified using Equation (10): ε * ¼ 6.3 × 10 À5 , ϑ * ¼ 1.75 × 10 À7 , C l* ¼ 0.75, C r* ¼ 2.27, C ws* ¼ 0.63, and C wE* ¼ 0.125. Figure 4 displays the channel top width (T w* ) effect on dimensionless area (A * ) and total cost (C * ) values. From Figure 4 it is clear that the Note: For water at 20 W C. because it requires greater cost and effort to deliver lowvelocity (and high-normal depth, consequently) flows through the channel. Figure 5 illustrates that increasing flow velocity has a direct effect on C * , while there is an inverse relation between the depth variations vs. C * . should be less than unity (Fr < 1). From Figure 6 , it can be seen that total area and the cost of channel construction increase with the reduction of the maximum Fr number value, due to the reduction in velocity of the channel and subsequent increase in the cross-sectional area. It is clear from the table that the cost reduction with increasing the smaller Fr number is more significant than those observed for larger Fr values increasing. The total cost of construction obtained by Model IV for Fr ¼0.15 is approximately 1.93 times more than that obtained from Model I (Fr ¼ 0.68). In in Table 13 . It can be concluded from Table 13 that cost change for other values of discharge with bed slopes might be the same as the models (II to V) with discharge of 100 m 3 /s and S 0 ¼ 0.001.
CONCLUSIONS
In the present research, the effect of parameter restrictions on optimal design of trapezoidal channels was investigated. It is to be noted that the present study is conducted for a specified set of input values and it can be easily extended to any other combination of input design parameters. Also the proposed models for design of open channels are simpler to implement and effective for practical applications, thus it can be used for reliable design of irrigation channels. 
